We developed easy, non-destructive methods to investigate the presence of carotenoid and flavonoids in petals by observing them under blue and ultraviolet lights, which are characteristically absorbed by yellow pigments. By using these methods we identified a Eustoma cultivar whose yellow petal coloration was attributed to its carotenoid content. The identification refutes the notion that yellow Eustoma cultivars lack carotenoids. Hence, deep yellow cultivars of this species may be bred in the future. Carotenoids in yellow petals of Eustoma were identified as all-E-neoxanthin, 9'-Z-neoxanthin, violaxanthin, lutein, zeaxanthin and β-carotene. Being different in green bud, most carotenoids occurred as conjugates in open petal, which suggests a stage-specific regulation of carotenoid metabolism. The qualitative and quantitative methods used in this report could be applied to identify other carotenoid-derived yellow flower cultivars in other horticultural species.
Introduction
Flower coloration is an important factor for ornamental plants but a novel coloration increases their commercial value even more so. In many plants, the major pigments responsible for yellow coloration are carotenoids and flavonoids; the former are often deeply colored, the latter are pale yellow pigments. The color intensities vary because of differences in the composition and concentrations of these pigments.
Carotenoids are responsible for the deep yellow flowers of rose (Eugster and Märki-Fischer, 1991) , chrysanthemum (Kishimoto et al., 2004) and pansy (Molnár and Szabolcs, 1980; Molnár et al., 1986) , whereas flavonoids make up the pale yellow flowers of many floricultural plants including Eustoma (Asen et al., 1986; Markham and Ofman, 1993) , carnation (Itoh et al., 2002) and cyclamen (Takamura et al., 1995) . It has been widely thought that deep yellow forms of these flowers do not exist because they did not accumulate high levels of carotenoids.
Recently Fukuta et al. (2005) reported that pale yellow petals of Eustoma contained more than 20 µmol·g −1 fresh weight (FW) of flavonoids that are expressed as rutin equivalents. Although the yellow cultivars tend to contain more flavonoids than the white cultivars, we noticed that white ones contained flavonoids equivalent to the yellow cultivars. Pigments other than flavonoids may contribute to the yellow coloration in some Eustoma cultivars.
We have already developed a non-destructive analytical method for determining flavonoids content in Eustoma flowers under ultraviolet light at 365 nm, the wavelength near the absorption maxima of the pigments (Fukuta et al., 2005) . By using the method and a similar one for carotenoids, we detected a Eustoma cultivar where carotenoids are responsible for yellow coloration in petals.
Materials and Methods

Plant materials
Yellow Eustoma cultivars were grown in a greenhouse at the Nagano Vegetable and Ornamental Crops Experiment Station. A cultivar, 'Candy Marin' of a violet-white picotee cultivar (Miyoshi Co., Ltd., Japan) was grown in a greenhouse at the National Institute of Floricultural Science. A violet-yellow picotee cultivar was donated by a farmer in Nagano prefecture.
Non-destructive observation methods
To monitor flavonoids, a dark chamber with ultraviolet light (365 nm) irradiation equipment (CSN-15 AC/AC, Cosmo Bio Co. Ltd., Japan) was used (Fukuta et al., 2005) . For carotenoid screening, a LED panel (LED-B, Tokyo Rikakikai CO, LTD, Japan) was used to irradiate max 470 nm wavelength blue lights (2 W). A carotenoid standard 20 nmol lutein, and a flavonoid standard 20 µmol rutin were applied to 20 mm square cellulose thin-layer chromatography pieces and observed under white, ultraviolet, and blue lights. Eustoma flowers were also observed under a similar condition.
Spectroscopic analysis
Yellow pigments were extracted from yellow petals of the violet-yellow picotee cultivar (1 g FW) with CH 3 OH (5 mL × 2) and acetone (5 mL × 2) successively. The extract was reduced to an aqueous residue in vacuo; the yellow pigments were extracted with diethyl ether. The ether fraction was dried over Na 2 SO 4 and evaporated to dryness. The yellow pigments were re-dissolved in methanol; their absorption spectra were analyzed by a UV-2200 UV-VIS recording spectrophotometer (Shimazu Co., Japan). The analysis was carried out in triplicate; carotenoid concentration was calculated as lutein equivalents based on absorbance at 440 nm wavelength.
HPLC analysis of carotenoids
A portion of the yellow pigments extract for the spectroscopic analysis was dissolved in 5% KOH/ CH 3 OH and hydrolyzed at room temperature for 3 hr. After adding saturated salt water, the yellow pigments were extracted with diethyl ether and then washed with water. The diethyl ether fraction was dried over Na 2 SO 4 and evaporated to dryness. The non-hydrolyzed and hydrolyzed pigments were dissolved separately in methanol and analyzed by HPLC (Agilent HPLC 1100 system, Agilent Technologies Inc., USA) by using an Inertsil ODS-2 (4.6 × 250 mm) column (GL Sciences Inc., Japan), combined with a guard column. The absorbance spectra at 300-600 nm were recorded with a photodiode array detector. Elution with solvents were solvent A; 90% CH 3 CN and solvent B; ethyl acetate was performed with a linear gradient from 0-1% for 0-10 min, 1-65% for 10-35 min, 65-70% for 35-45 min, and 70-100% for 45-50 min of solvent B at a flow rate of 1 mL·min −1 at 35°C. A methanol extract from green flower buds of the violet-yellow picotee cultivar (0.4 g FW·mL −1 ) was analyzed by HPLC as above.
HPLC analysis of flavonoids
Yellow petal tissues of a violet-yellow picotee cultivar and white ones of 'Candy Marin' were extracted with 50% acetic acid (3 mL per 2.5 g FW of petal tissue). Flavonoids in the extracts were analyzed by HPLC of Agilent HPLC 1100 system in an Inertsil ODS-2 (4.6 × 250 mm) column combined with a guard column. Two solvents were used for elution: solvent A; 1.5% phosphoric acid and solvent B; 1.5% phosphoric acid, 50% CH 3 CN, and 40% acetic acid. The elution was performed with a linear gradient 10-50% of solvent B at a flow rate of 0.8 mL·min −1 at 40°C. Flavonoids were analyzed in triplicate and calculated as rutin equivalents based on absorbance at 360 nm.
Standard samples
The following standard compounds were purchased: 9'-Z-neoxanthin and violaxanthin (Wako Pure Chemical Industries, Ltd., Japan), zeaxanthin and lutein (Funakoshi, Ltd., Japan), β-carotene (Sigma-Aldrich Co., USA), and rutin (Tokyo Kasei Kogyo Co. Ltd., Japan). A standard of all-E-neoxanthin was obtained from Eustoma leaves. The leaves (850 g FW) were extracted with CH 3 OH (3 L), acetone (2 L), and ethyl acetate (2 L); the extracts were combined and evaporated in vacuo. The carotenoid fraction was extracted from water residue with ethyl acetate and then partitioned between 70% CH 3 OH and n-hexane. The 70% CH 3 OH residue, containing the carotenoid, was loaded on a silica gel column and eluted step-wise with 0, 10, 30, 40, and 60% acetone in n-hexane. The fraction that eluted in 40% acetone was purified by HPLC with an Agilent HPLC 1100 system by using a Senshu Pak ODS (10 × 250 mm; Senshu Scientific Co., Ltd., Japan) column, combined with a guard column. 80% CH 3 CN was used as the mobile phase at 35°C at a flow rate of 1 mL·min
. The carotenoid that eluted at 14.9 min was collected and analyzed by FABMS (JEOL SX 102, JEOL Ltd., Japan) and 
Results
Observation of yellow pigments
Carotenoids are deep yellow pigments showing absorption maxima between 400 nm to 500 nm, wavelength corresponding to blue light (Fig. 1) . Flavonoids are pale yellow due to weak absorption in the blue light region. Although many kinds of flavonoids have absorption maxima in ultraviolet region around 360 nm, carotenoids do not at this wavelength. Carotenoids and flavonoids showed dark images under the blue light and the ultraviolet light, respectively and exclusively. The bright image of carotenoid under ultraviolet light did not significantly change with increasing concentration (data not shown).
Observation of Eustoma cultivars
The petals of many yellow Eustoma cultivars showed dark images under ultraviolet light as reported by Fukuta et al. (2005) . Both yellow petal tissue of the violet-yellow picotee cultivar and white ones of 'Candy Marin' projected very bright images when viewed under UV light, whereas they yielded dark and light images, respectively, under blue light (Fig. 2) .
Absorption spectra of Eustoma yellow pigments
When yellow pigments, extracted from petals of the violet-yellow picotee cultivar, were dissolved in methanol, the solution absorbed light wavelengths between 400 to 500 nm, with maxima at 418 nm, 440 nm, and 468 nm (Fig. 3) . A standard carotenoid of lutein had absorption maxima at 418 nm, 442 nm, and 470 nm. From these data the endogenous concentration of carotenoids in the yellow tissue was calculated to be 16 nmol lutein equivalents/g FW.
HPLC analysis of carotenoids
HPLC chromatogram of yellow pigments extracted from the petals of the violet-yellow picotee cultivar and that of its hydrolyzed ( Fig. 4A and 4B ) indicate that hydrolysis drastically changes the chromatographic profile of the pigments. In the hydrolysed extract, all-E-neoxanthin, 9'-Z-neoxanthin, violaxanthin, zeaxanthin, lutein, and β-carotene were identified by comparisons of both retention times and absorption spectra with standard samples (Table 1) . Lutein accounted for about 40% of the total carotenoids that was the major carotenoid identified in the tissue.
Carotenoids in the non-hydrolyzed extract from green buds of the violet-yellow picotee cultivar exhibited a similar HPLC profile to the hydrolyzed petal sample, except that zeaxanthin was absent in the non-hydrolyzed extract (Fig. 4C) ; chlorophyll a and chlorophyll b were also detected.
HPLC analysis of flavonoids
Analyses of endogenous flavonoids by HPLC, according to Fukuta et al. (2005) , showed that the concentration in the yellow petal tissue of the violetyellow picotee cultivar was 1.2 µmol rutin equivalents/ g FW, while that of the white petal tissues of 'Candy Marin' was 1.6 µmol rutin equivalents/g FW.
Discussion
The flavonoid concentration in the yellow petal tissue of the violet-yellow picotee cultivar was lower than that of the white petal tissue of 'Candy Marin' as indicated by their bright images under ultraviolet light. The yellow tissue produced a dark image under blue light and the extract gave an absorption spectrum characteristic for carotenoids. Hence, we confirmed that yellow pigments in the tissue are carotenoids. The identification refutes the idea that there are no carotenoid-derived yellow cultivars in Eustoma. The occurrence also indicates the possibility to breed Eustoma cultivars with deep yellow petal colors similar to rose and chrysanthemum flowers.
The drastic change in HPLC profiles after hydrolysis indicates that most carotenoids occur as conjugates in Eustoma petals. The carotenoids generated by hydrolysis were identified as all-E-neoxanthin, 9'-Z-neoxanthin, violaxanthin, lutein, zeaxanthin, and β-carotene. Both biosynthetic pathways leading to lutein and the other carotenoids seem to operate in the tissues (Britton, 1998) . Eustoma buds are green until a few days prior to flowering. Green buds of the violet-yellow picotee cultivar contained chlorophylls as well as nonconjugated free carotenoids. Their compositions were similar to that in the petals, except that zeaxanthin is lacking, which suggests that the stage-specific carotenoid metabolism occurs in Eustoma petals.
A yellow Eustoma cultivar was first bred during the end of 1980's in Japan and many yellow cultivars have been bred and they are available today (Ohkawa, 2003) . Flower petals containing flavonoids and carotenoids produce distinctly different images when visualized under blue and ultraviolet lights comparable to the pure compounds. Thus we indicate that occurrence of carotenoids and flavonoids in petals can be easily and directly detected by these non-destructively methods.
Literature Cited
Asen, S., R. J. Griesbach, K. H. Norris and B. A. Leonhardt. 1986 . Flavonoids from Eustoma grandiflorum flower 
